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INTRODUCTION AND SuMMARY 

T h i s  i s  t h e  t h i rd  of t h r e e  interim reports  on "Polarimetric 
Measurements of Simulated Lunar Surfaces," an invest igat ion con- 
ducted under Contract No. NAS 9-4942. 
done i n  Blue (0,4&), Green (O,w), V i s u a l  (O,!%+L), and Infrared 
(1.w) 
ions of Proposal B. 

T h i s  repor t  covers work 

w i t h  contrived models during Phase 111 under t h e  provis- 

A s  a result of Phase I conducted under t h i s  cont rac t  (Ref, l), - 
it was  found t h a t  Volcanic Ash Nos. 1 and 4 and Coral No, 1 pos- 
sessed average propert ies  t h a t  could vary su f f i c i en t ly  i n  d e t a i l  
i n  in tegra ted  visual l i g h t  t o  permit them t o  be considered as 
polarimetric models of t h e  lunar  surface. 
(Furnace Slag No, 1 and Copper Oxide) could be considered as 
appropriate when combined w i t h  a su i tab le  nonpolarizing material, 
Furnace Slag No. 4 and Si lver  Chloride w e r e  re jec ted  because of 
a l a t i t u d e  dependence of polarization. 

Two other materials 

Phase I1 (Ref, 2) l a i d  t h e  basis f o r  an  analytical approach 
w i t h  an  inves t iga t ion  of t h e  polar iza t ion  propert ies  of materials 
as a function of particle s i z e ,  albedo, and porosity. 
theor ies  of po lar iza t ion  indicate  t h a t  some of t h e s e  propert ies  
are s igni f icant  parameters, 

Current 

Thus, as a r e s u l t  of Phase 11, various samples w e r e  found 
t o  approximate t h e  polar izat ion extremes of lunar maria ( C r i s i u m )  
or highlands (Clavius), The bes t  f i t  t o  Mare C r i s i u m  i s  obtained 
w i t h  Furnace Slag No, 4 particles less than 37 microns, Volcanic 
Ash No, 4 between 
than 0.21 mm, t h e  sponge-like s lag obtained a t  NASA, and t h e  
Ash from Vesuvius. For Clavius, Furnace Slag No. 4 less than 
micron, Volcanic Ash No. 4 between 1 and 37 microns, and 
Volcanic Ash No. 1 less than 1 micron a r e  t h e  best  f i t s .  

37 and 88 microns, Volcanic Ash No. 1 grea ter  

1 

Phase I11 was undertaken so t h a t  t h e  polar imetr ical ly  promis- 
ing models of Phase I, which a l s o  were good photametrically by 
o r ig ina l  select ion,  could be modified by spr inkl ing wi th  t h e  pow- 
ders  of Phase 11 t o  obtain a c lose  match t o  lunar data i n  integrated 
and B, G, I l igh t ,  as specified i n  Proposal B. Seventeen models 
w e r e  invest igated on t h e  Grumman large scale polarimeter and f i v e  
required good models were obtained, An extra  model, embodying t h e  
s lag obtained a t  NASA/MSC, was modified t o  produce a good polar i -  
m e t r i c  model, 
Gehrels (Ref, 5) reveals that  Models 5 (Volcanic Ash No. 4 topped 
w i t h  p a r t i c l e s  of i t s e l f  < &) 
w i t h  particles of i t s e l f  < - 4.) 

Comparison t o  t h e  lunar colorimetric curves of 

and 6 (Volcanic Ash No, 1 topped 
are t h e  c loses t  matches t o  Mare 

1 



C r i s i u m  w i t h  Model 6 being t h e  overa l l  bes t  match. 
Sponge-like, topped w i t h  0.088 t o  0.21 mm p a r t i c l e s  of Volcanic 
Ash No. 1) i s  a f a i r  match t o  Crisium. Models 2 (Coral  No. 1 
topped w i t h  Furnace Slag No. 4 par t i c l e s  < 0.037 mm), 4 (Volcanic 
Ash No. 4 (chunks) topped w i t h  particles Gf Coral < ~J.L ) .  and 7 
(Furnace Slag No. 4 topped w i t h  p a r t i c l e s  of i t se lz  < lp) are poor 
matches t o  t h e  lunar surface w i t h  Model 2 coming clozest t o  Clavius. 
The highest  polar izat ion occurs on a l l  samples i n  t h e  B(0.48p) 
region where the albedo i s  lowes t ;  t h e  increase i n  albedo i n  t h e  
Infrared I(1.m) lowers the polar izat ion s imilar  t o  t h e  lunar 
observations. The dependence of the locat ion of the polar izat ion 
maximum i n  re la t ion  t o  t h e  maximum percent polar izat ion cannot be 
determined f r m  our data  (Fig. 3 2 ) .  The inversion angle tends to-  
wards higher phase angles f o r  decreased maximum polar izat ion (Table 
1). No clear trend i s  seen f o r  t h e  negative minimum percent polar- 
i za t ion. 

Model 1 (Slag, 

A check of the contrived models of Phase 111 has  been made 
photometrically a t  a 60° viewing angle and Models 1, 6, 7, and 
5 (Figs. 33, 37, 38, and 36,  respect ively)  proved sa t i s f ac to ry  i n  
order of diminishing match;  Models 4 and 2 (Figs. 35 and 3 4 ,  re- 
spect ively were unsat isfactory . 

I n  essence, it h a s  been shown i n  Phase 111 t h a t  a sa t i s f ac to ry  
photometric and polarimetric model may be constructed by combining 
a large scale photometric model t h a t  produces t h e  shadowing necessary 
f o r  good photometry (Ref. 3 )  w i t h  a powder t h a t  produces t h e  scat- 
te r ing  and refract ion propert ies  necessary f o r  good polar izat ion.  
The r e s u l t s  a r e  consis tent  w i t h  present knowledge of t h e  lunar sur- 
face (Refs. 4 t o  7) .  It remains t o  reconci le  t h e r m a l ,  mechanical, 
and radar observations of t h e  lunar surface. It appears possible  
t h a t  a high y dust layer  a t  t h e  order of 1 mm th ick  (y = ( K p c ) - +  
of t h e  order of a few thousand) on top of t h e  underlying material 
could explain some of t h e  observed lunar  t h e r m a l  observations. 

Percent polar izat ion alone w a s  observed i n  Phase I1 because t h e  

8 information obtained from plane of polar izat ion observations i n  Phase 
I1 did not  modify t h e  resul ts  obtained from percent polar izat ion.  

The fundamental conclusion of Phase 111 i s  t h a t  t h e  polar izat ion 
propert ies  of t h e  lunar  surface can be produced by a su i tab le  particu- 
la te  coating of t h e  underlying material. 
could be t h e  r e su l t  of t h e  deter iorat ion of t h e  underlying mater ia l  
i n t o  a dust by micrometeorite bombardment, and t h e  resu l t ing  powder 
adhering t o  the lunar surface possibly by high vacuum bonding. 
t h e  surface properties could y ie ld  information on t h e  underlying 
matter and ul t imately give information as t o  t h e  choice of good 
landing areas f o r  the Apollo mission. 

T h i s  pa r t i cu la t e  coating 

I 
I 

Thus 
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Description 

The test equipment described i n  Phases I and I1 (Refs. 1 
and 2) has been fu r the r  improved under a Grumman supported 
program. The source in Phase I1 had produced a symmetrical 
beam w i t h  +1 percent r e s i d u a l  polar izat ion a t  the  center .  
I n  addi t ion,  there  was  inadequate signal f o r  good polarimetric 
observations at  I (I.@) wavelength. Tine polarimeters had a 
res idua l  polar izat ion of +1/4 percent. 

Source Polarization 

The source w a s  modified i n  a number of ways subsequent t o  
the  completion of Phase 11. The c lea r  1000 w a t t  source lamp 
w a s  replaced w i t h  a f rosted envelope lamp t o  reduce the lamp 
res idua l  polar izat ion.  The source f i e l d  s top w a s  s l i g h t l y  off 
t h e  o p t i c a l  axis, and by sui tably realigning it, the  source 
over-al l  res idua l  polarization w a s  reduced t o  0.2 percent 
a t  t h e  center with good symmetry around the periphery of the 
3 inch diameter i l l u m i n a t e d  sample area. 

Color f i l t e r s ,  t o  permit B, G, and I photometry, 
previously had been mounted close to  the 1000 w a t t  source 
lamp. As a r e s u l t ,  the  f i l t e r s  w e r e  heated excessively, causing 
a change i n  t h e i r  spec t r a l  response as w e l l  as frequent break- 
age. For polar izat ion,  large 6 112 inch square f i l t e r s  were 
obtained and mounted i n  a frame i n  f r o n t  of the source 
lens housing closely perpendicular t o  the o p t i c a l  axis. 
residual polar izat ion of t he  f i l ters  w a s  of the order of a tenth 
of a percent. 

The 

An increased capacity blower w a s  i n s t a l l e d  on the  source 
housing which permitted the lamp t o  be operated a t  ra ted  value. 

For the  I (1 .Og) measurements , HR inf ra red  polamids 
were used since the  usual "-22 
beyond 0.711. 

polaroids cease t o  be e f f ec t ive  

Cal ibrat ion 

Percent Polarization - Calibrations of t h e  polarimeter 
were made as described i n  Phase I1 f o r  percent polar izat ion,  with 
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the exception that the lamp was operated at rated voltage of 120 V 
producing a system color response centered at 0.5h as compared 
to 0.5% for Phase 11. The effective wavelength as quoted in 
Phase I1 (0.52~) was incorrect due to the effect of an incorrect 
calibration on an additional filter inserted into the instru- 
mental system. Albedo measurements were made as before with a 
system color response centered at 0.56~ because of the lower 
voltage (DOV) necessary on the source lamp in order not to satu- 
rate the photomultipliers. 

The 6199 photomultipliers used for the B(0.48p),G(O.54~) 
and Visual (0.54~) measurements were operated at 820 volts. 
The 7102 photomultipliers used for the I(1.0~) measurements 
were operated at 1100 volts. The voltages were determined 
experimentally to produce the best average signal to noise ratios 
for the respective photomultiplier tubes. 

A more detailed discussion of the technique mentioned will 
be reported in a forthcoming Grunnnan sponsored 
photometric and polarimetric procedures (Ref. 9). 

analysis of 
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STANDARD POLARIMETRIC CURVES AND DATA PRESENTATION 

As i n  Phase I1 (Ref. 2) the analysis  of data  w a s  made i n  
terms of lunar observational information covering a range of 
values of percent polar izat ion t h a t  served t o  d i f f e r e n t i a t e  
lunar  maria from highlands. As mentioned, t h e  best  de ta i led  
regional  lunar polar izat ion data appear t o  be t h a t  of Gehrels, 
Coffeen, and Owings (Ref. 5), the Russian observatians appear- 
ing to be inaccurate. 

Figures 1, 2, and 3 are p lo ts  of u ( 0 . 3 6 ~ ) ~  G ( O . 5 & ) ,  and 
I ( 0 . 9 4 ~ )  data  from Gehrels e t  a l . ,  f o r  a l l  lunar features  
observed. Since there  were no B ( 0 . 4 4 ~ )  data obtained by 
Gehrels e t  a l . ,  the U data may be compared with the B data  
i n  t h i s  repor t .  

Referring t o  Fig. 1, the extreme polar izat ion curves i n  U 
are those of Mare Imbrium and Clavius. 
the lowland curve f o r  Mare Crisium is  more complete than that 
of Mare Imbrium, since a maxirmrm appears. Therefore, the 
C r i s i u m  curve w a s  chosen as a comparison lowland curve t o  
determine the r e l a t ion  of the  experimentally observed maxima 
of Phase 111 t o  the  lunar data. 
i n  Figs. 2 and 3 f o r  G and I. 

For comparison purposes, 

This reasoning appl ies  s imi la r ly  

However, fo r  t he  highland l imi t ing  curve, i t  appears t h a t  
e i t h e r  Nicolai o r  Clavius would be appropriate. 
Clavius curve is  almost as complete as Nicolai, and appears t o  
have less s c a t t e r  f o r  the Gehrels observed points ,  it w a s  
chosen. Incidental ly ,  it can be seen that the location of t h e  
maximum on the Clavius curve moves t o  smaller angles as one goes 
from U t o  I or ,  synonamously, higher t o  lower polar izat ion.  
This e f f e c t  i s  not as c l ea r ly  apparent f o r  C r i s i u m .  

Since the 

Thus, the l imi t ing  curves are those of Clavius and Mare 
Crisim f o r  representative lunar highland and maria areas. I n -  
the  curves t o  follow, a set of lunar comparison curves are pre- 
sented on each of the Phase I11 experimental curves. For the 
sect ion on Sample Preparation, the Gehrels l imi t ing  G curves 
are presented because they are c loses t  t o  t he  Gruunuan polar i -  
meter system i n  integrated visual l ight.  

For subsequent Phase 111 experimental curves i n  B, G,  and 
I l i g h t ,  the  lunar G and I curves are presented f o r  comparison 
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on each plot. The elimination of U as a graphical comparison 
was done because it does not correspond to the B observations 
of this report, and the graphs would be unnecessarily cluttered 
if it were included. For a comparison to the U , one can 
easily refer to the curve given in Fig. 1. 

The albedos given are averages of those obtained in 1956/59 
and 1963/64 by Gehrels et al. 
because the lunar observational data on polarization have inher- 
ently an effect due to lunar luminescence, an effect that apparently 
varies with variations in solar activity (Ref. 5). 

This is not strictly accurate 
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PHASE 111 - CONTRIVED MODELS 

Purpose 

Because certain of the models of Phase I1 duplicated the 
polarimetric properties of the lunar surface closely and others 
did not, an attempt was made to combine the photometrically and 
polarimetrically promising models of Phase I by sprinkling them 
with the appropriate powders from Phase I1 in order to closely 
duplicate the polarimetric properties of a representative lunar 
maria, a lunar highland, and intermediate areas. 
was followed in order to gain an insight into the physical 
properties and geometries of the lunar surface. 

This procedure 

Test Specimens and Sample Preparation 

The specimens chosen for investigation were those polari- 
metrically and photometrically promising from Phase I (Ref. l), 
plus an additional specimen, the Furnace Slag obtained at NASA by 
one of the authors (W. G. Egan) in March 1965 (Ref. 2). The 
samples were chosen on the basis of observations made in integrated 
visual light with the 60’ polarimeter. The 60° polarimeter 
was used in the model selection as it yields the most complete 
polarimetric curve from negative minimum and inversion, to positive 
maximum in one complete run. 
data of Gehrels et al., on Crisium and Clavius. 

Comparison was made to the G (0.54~) 

In order to prepare a sample, a choice was made for the base 
material, and then a second choice was made for the powder over- 
coat. Thus, for Contrived Model No. 1 (the extra sample), the 
Furnace Slag obtained at NASAwas chosen. 
cally (Fig. 4) that the polarization of the Furnace Slag is too 
high; therefore a considerably lower maximum polarization material 
with a suitable inversion angle was chosen (0 .088 to 0.21 mm 
particles of Volcanic Ash No. 1, having maximm polarization 
8.4 percent at 93.5O phase angle and inversion at 24.5O, Ref. 
2, p. 12, Table 1) and lightly dusted over the Furnace Slag to 
obtain a coating. The coating was dusted onto the furnace slag 
as an almost particulate cloud so that it settled lightly. Modi- 
fications of the over-all model were obtained by dusting more 
onto it or carefully dusting some off. The resulting composite 
curve closely matches that of Crisium (Fig. 4). 

It can be seen graphil- 

A similar procedure was followed for the remaining five 
required samples. A total of 17 variations of all samples 
was made before choosing the final versions. 
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The second sample, Contrived Model No. 2, was the original 
Coral No. 1 of Phase I (Ref. I), lightly dusted with Furnace 
Slag No. 4 particles 0.037 mm which had a maximum polarization 
of 14 percent at 111' phase angle, and an inversion at 
18.5' (Ref. 2). After a few tries, the resulting curve of 
Fig. 5 was obtained, with a close match to Clavius. 

The third sample, which was not used, was pieces of 
Volcanic Ash No. 4 on a 0.088 to .21 mm particulate Coral- 
No. 1 background. The result,ing curve was too poor to be con- 
sidered. 

The fourth sample was Volcanic Ash No. 4 (maximum polari- 
zation 17 percent at 113O phase angle Ref. 1). In order to 
reduce the maximum it was lightly dusted with coral particles 
5 1p (maximum of > 1.4 percent at > 125' with an inversion 
at 27.5O Ref. 2) . The coral was found to be a powerful de- 
polarizer, and very little was required to produce the desired 
result shown in Fig. 6 .  The resulting polarization is inter- 
mediate between Clavius and Crisium being somewhat nearer to 
Clavius . 

Contrived Model No. 5 consisted of large pieces of Volcanic 
Ash No. 4 (maximum polarization 17 percent at 113' phase 
angle, Ref. l), which was dusted with 5 lP particles of itself. 
The attempt was to simulate a process that might occur on the 
lunar surface as a result of micrometeorite bombardment producing 
a thin fine dust layer. The 5 1P particles had a polarization 
maximum of 4.8 percent at 105O phase angle, and an inversion 
at 24' (Ref. 2 ) .  The result of the proper combination can be 
seen in Fig. 7 to be near to that of Crisium. 

ContrivedModel No. 6 uses the other volcanic ash, No. 1, 
with a dusting of 2 lw of itself. Volcanic Ash No. 1 has a 
maximum polarization of 20 percent at 115' (Ref. l), whereas 
the < lw particles have a maximum of 5.8 percent at 9 9 O  
phase-angle, and an inversion at 25O (Ref. 2) . The appropriate 
combination closely matches the polarization curve of Crisium 
(see Fig. 8). 

With contrived Model No. 7, an attempt was made with the 
Furnace Slag No. 4 sample to produce a match to the lunar curves; 
the result was an intermediate curve shown in Fig. 9 .  Furnace 
Slag No. 4 has a maximum polarization of 39 percent at 130' 



phase angle, while the < lp particles have a maximum of 9 
percent at 115O and an-inversion angle of 2 3 O  (Ref. 2). 
The combination produces an intermediate curve (Fig. 9). 

Exper hen t s 

Percent Polarization 

The percent polarization as a function of phase angle with 
color as a parameter for the five required and one additional 
sample is presented graphically in Figs. 11 through 27, and Table 
1. 

The data can be analyzed conveniently in terms of: 

1. 

2. 

3 .  
4 .  
5. 

6 .  

7 .  

Wavelength and Phase Dependence of 
Percent Polarization 
Effect of Color on Maximum Percent 
Polarization 
Effect of Color on N o m 1  Albedo 
Effect of Color on Inversion Angle 
Relationship between Normal Albedo and 
Maximum Percent Polarization 
Relationship of M a x b  Percent Polarization 
and the Corresponding Phase Angle 
Incremental Color Changes on Percent 
Polarization as a Function of Sample 

The correlation of the salient features on the percent polari- 
zation curves as a function of wavelength presented in Figs. 11 
through 27 and Table 1 is shown graphically in Figs. 28 through 
32. 
and Clavius as measured by Gehrels, et al. (Ref. 5). 

On all curves and in Table 1, a comparison is made to Crisium 

Discussion of Results 

Wavelength and Phase Dependence of Percent Polarization 

Contrived Model No. 1 - Slag (sponge-like) topped with 
0.088 to 0.21 m particles of Volcanic Ash No. 1: Figures 
10 (a) and 10 (b) are photographs of Contrived Model No. 1 taken 
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Table 1 

DATA ANALYSIS 

Percent Po la r i za t ion  
~~ 

Sample 

'lo. 1 Slag (Sponge-like) topped wi th  0 .088  
to 0 . 2 1  nun p a r t i c l e s  o f  Volcanic Ash No. 1 

B (0.  441) 

Visual (0.5411) 

G ( 0  .541~) 

I(1.011.) 

Vo. 2 Coral No. 1 topped with Furnace S lag  
Vo. 4 p a r t i c l e s  5 0.037 mm 

B 

Visual 

G 

I 

No. 4 Volcanic Ash No. 4 (Chunks) topped 
with p a r t i c l e s  o f  Coral  5 lw 

B 

Visual 

G 

I 

ndo 
60' 

urn 
4ngle 

Correc ted  :orrected 
:nversion 
mglei'* 

25 .Oo 

25.5 

24 .5  

25 .5  

AI - 
00 
- 

I12 

I 17 

I 1 4  

. 3 1  - 

.11 

.12 

.14 

.13 - 

.17 

.19 

.18 

.27 - 

.13 

.16  

.15 

.27 
I 

.11 

. 14  

.12 

.25 
- 

.12 

.12 

. 1 3  

.12 - 
I 

m 
Angle 

12O 

1 2  

11 

10 

e ,  L><>' - 

- 1 . 8  

- 1 . 4  

-1 .7  

- .9 

99O 

114 

106 

100 

.09 

. 1 3  

.09 

.28 

1 3 . 2  

1 1 . 5  

10 .7  

4 . 6  

1 9 . 5  

1 7 . 5  

1 8 . 5  

22 .0  

.17 

.18  

.18 

.19 - 

.19 

. 2 1  

.20 

.30 - 

.18 

.14 

.13 

.27 - 

.10 

.14 

.12 

.25 

5 . 4  

5 . 8  

5 . 2  

3 .5  

85 

8 1  

82 

77 

:-1.0 
:-1.2 

- . 8  

- . 8  

: -3 .5 

-2 .5  

5 

7 . 5  

10 .2  

10 .6  

9 . 9  

6 . 9  

118  

1 2 1  

123 

118  

- 1 . 4  

-1 .2  

:-1.2 
-1 .o 

8 

9 .5  

<3 
6 

22.0 

22 .5  

23 .O 

25 .5  

No. 5 Volcanic Ash No. 4 topped wi th  p a r t i -  
c l e s  of i t s e l f  5 l l r .  

B 

Visual 

G 

13 .9  

10 .1  

1 2 . 1  

6 .3  

9 5  

9 4  

9 4  

97 

-1 .7  

-1 .4 

-1 .6  

- .9 

9 

9 

8 .5  

8 

23 .O 

23 .O 

22.5 

24 .5  

No. 6 Volcanic Ash No. 1 topped wi th  p a r t i -  
c l e s  of i t s e l f  5 4~ 

B 

Visual 

G 

I 

No. 7 Furnace S lag  No. 4 topped with p a r t i -  
c l e s  of i t s e l f  5 &L 

B 

Visual 

G 

I 

Crisium U (0.3611,) 

G (0.5L~Il.) 

I (0.9+1) 

Clavius L! (0.361.) 

G (0.5411.) 

I (0.9411) 

99 

99 

10 3 

10 5 

1 8 . 0  

1 3 . 2  

15 .0  

8 . 0  

- 2 . 1  

- 1 . 9  

-1 .9  

:-1.0 

9 . 5  

9 

10 

<3  

24 

24  

2 3 . 5  

26 .5  

.10 

. 1 2  

.11 

.12 

12 .9  

1 0 . 3  

1 2 . 8  

10.2 

22 .o 
1 2 . 5  

8 .3  

- 9 . 5  

5 . 8  

4 . 4  

__ 

__ 

1 2 1  

118 

119 

117 

100 

10 2 

98 

> 9 8  
9 1  

82 

- 

__ 

-1.1 

- .9 

-1.1 

- .9 
- 1 . 2  

- 1 . 2  

- 1 . 2  

-1 .c  
-0.5 

-1 .I 

-- 

- 

9 . 5  

8 . 5  

11 

11 

10 

11 
1 2 . 5  

10 

11 

8 

22 .5  

23.5 

24 

27 

20.7 

23 .7  

2 4 . 3  

2 2 . 1  

25 .O 

22 .2  

7 
,117" 

,206 

,175 
,268" 

, 4 0 1  

"Average albedos determined i n  V (0.551!) from Gehrels e t  a l .  
_I..*. 
,~ I I  

Minimum Percent  Polar iza t ion  and Invers ion  Angle a r e  co r rec t ed  f o r  
Residual Polar iza t ion  of Polar imeters  

+1 /4  percent  

10 



. 
0 

I 
I 
8 
I 
I 
1 
8 
8 
1 
8 
I 
I 
8 
8 
U 
I 
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at Oo and 65' illumination angles a t  loo viewing angle with 
the  same exposure t o  show shadowing e f f e c t s .  In  order t ha t  the 
camera not block the incident illumination, it w a s  displaced out 
of t he  plane of incidence by t o  the average nonnal of the 
sample. The Furnace Slag w a s  obtained, as mentioned previously, 
by one of the  authors (W. G.  Egan) from the astronaut t ra in ing  - 

p i t  a t  MSA/NSC. The sample was selected i n  March 1965 as repre- 
s en ta t ive  of the lunar surface,  as wel l  as could be determined, 
f rom a v i sua l  inspection. The  necessary shadowing fea tures  fo r  
good photometry w e r e  evident, and it appeared dark enough i n  order 
t o  p r o d ~ ~ c e  sufficient: polarizatiun. As modified w i t h  0.088 t o  
0.21 mm 
it generally matches Mare C r i s i u m  (Fig. 11 and Table 1). 
in tegra ted  v isua l  l ight  curve V ( 0 . 5 b )  shown (used f o r  match- 
ing,  see Fig. 4) is  within about 1 percent of the C r i s i u m  
standard G ( 0 . 5 4 ~ )  curve a t  the upper portion, and much c loser  
a t  t h e  lower portion; however, the upper portion of the contrived 
model curve deviates from the general trend of C r i s i u m .  The use 
of t he  Gehrels e t  al .  
model measured i n  integrated visual  l ight (0.5b) appears legiBi- 
mate i n  terms of the e f f ec t ive  wavelengths; however, t h i s  does 
not take i n t o  account for  the  shape of the  response of the system 
as it washes out i n  the  determination of the  e f f ec t ive  wavelength. 
Thus, it is seen t h a t  t he  contrived model G curve ( 0 . 5 4 ~ )  
c lose ly  follows the curve shape of the standard G ( 0 . 5 4 ~ )  
curve at larger  phase angles  since perhaps the  e f f e c t  of the red 
end of the spectrum is minimized. The contrived model can be 
seen t o  produce a decrease i n  polarization of 6 .1  percent 
between G and I, and hence the contribution of the I t o  
the  Visual response can be s igni f icant .  
inversion the polar izat ion produced by the contrived model i n  
I ( l . @ )  is  grea te r  than the standard I (0.9&), with a 
higher corrected inversion angle (see Table 1). Also, a t  angles 
above inversion, the observed polar izat ion is less than tha t  f o r  
the  lunar  standard. A portion of t h i s  e f f e c t  i s  possibly the  
r e s u l t  of the  I measurements f o r  Phase I11 being made a t  1.W 
as contrasted t o  the  standard a t  0 . 9 b .  

10' 

p a r t i c l e s  of Volcanic Ash No. 1 used i n  t h i s  program, 
The 

G curve t o  compare t o  the contrived 

A t  phase angles below 

The trend of higher maximum polar izat ion with lower albedo 
found i n  Phase 11 (Ref. 2) is  followed i n  Phase 111 where the 
albedo changes as a function of color  instead of as a function 
of p a r t i c l e  siBe as i n  zhase 11. However, there are var ia t ions  
between the  0 and 60 albedos. The Oo albedos are con- 
s i s t e n t l y  higher than the 60° albedos, and t h i s  is a t t r i bu ted  
t o  the method of deposition of the Volcanic Ash and the  con- 
f igura t ion  of the Furnace Slag. The Volcanic A s h  No. 1 did 
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not adhere as well to the vertical surfaces of the Furnace Slag 
as it did to the horizontal surfaces. Since the albedo of the 
Volcanic Ash No. 1 in the size range 0.088 to 0.21mm is 
0.15, compared to 0.11 for the sponge-like Slag (see Table 1, 
p. 12, Ref. 2), the volcanic ash increased the Oo albedo above 
the 60° albedo. Referring to Fig. 12, where the effect of 
polarimeter viewing angle is presented, it can be seen that, 
above the inversion angle, the 60° polarimeter measures a 
higher polarization than the 0' polarimeter which is consistent 
with the lower albedo at 60' viewing angle. The effect on the - 

minimum and inversion angle is more complicated. However, photo- 
metrically, we have an unusual sample with a composite albedo. 
This will be elaborated upon subsequently in the section on Lunar 
Implications. 

Contrived Model No. 2 - Coral No. 1 topped with Furnace Slag 
Figures 13 (a)oand 13 (b) are photo- 

The coral was also 

No. 4 particles < 0.037 mm: 
graphs of Contrited Model No. 2 taken at 0 and 65O illumination 
angles to show again the effect of shadowing. 
subject to the limitations mentioned for Contrived Model No. 1 
in that the particles of Furnace Slag No. 4 dusted upon it adhered 
to the areas where the coral was rough. 
where the coral was broken did not pick up much furnace slag, and, 
in general, vertical surfaces picked up less than horizontal 
surfaces. 

Certain vertical areas 

The curves shown in Fig. 14 indicate a match (within 1.5 
percent) to Clavius which is fair at phase angles below the 
maximum (compare Visual 0.54p with Clavius G 0.54~) , but 
very poor above the maximum. The general shapes of the B, G 
and I curves for the sample are similar, with a displacement 
of the maximum toward higher polarizations from I through G 
to B. The Visual curve is higher than either the B, G, or 
I curve, contrary to the effect on Contrived Model No. 1 where 
the Visual is lower than the 
(Fig. 11). Thus, it appears that the combination of percent 
polarizations is not a simple additive one for color. 

B above the inversion angle 

The trend toward higher maximum percent polarization for 
decreased albedo can be discerned above the experimental error 
(see Table 1). The effect of non-uniform distribution of the 
Furnace Slag No. 4 particles on the Coral No. 1 can be seen in 
the consistently higher albedos for the viewing angle of 60° 
(see Table 1). The vertical surfaces are whiter, producing a 
higher albedo at 60'. However, an exception occurs in that 
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t h e  higher albedo does not c lear ly  produce a lower polar izat ion 
a t  higher phase angles, (see Fig. 15).  Because of the compli- 
cated shadowing nature of the  cora l ,  the trend of lower polari-  
zat ion f o r  higher albedo i s  not followed. 

Contrived Model No. 4 - Volcanic Ash No. 4 (chunks) topped 
This sample i s  shown i n  Figures w i t h  p a r t i c l e s  of Coral 5.1~: 

16 (a) and (b) .  
i n  albedo is  readi ly  apparent. 

The e f f e c t  of t he  w h i t e  cora l  on the increase 

The polarimetric r e s u i t s  can ‘be seen in Fig. 17, ar,d are 
intermediate between Clavius  and C r i s i u m ,  but nearer the  former, 
t o  which it i s  compared. The general curve shape is  good except 
t h a t  t he  maximum occurs a t  too la rge  an angle t o  be comparable 
t o  the  lunar surface. The high maximum polar izat ion of Volcanic 
Ash No. 4 of 17 percent a t  113’ phase angle (see Ref. 1, 
p. 17, Table 9) , has been a l te red  by the co ra l  i n  e f f e c t  reducing 
the maximum t o  10.6 percent and increasing the location of 
the maximum t o  121° i n  Visual l ight .  The pecul iar  e f f e c t  of 
the co ra l  i n  giving i n  a Visual percent polar izat ion above the 
By G, and I curves w a s  a lso noted f o r  Contrived Model No. 2 .  
There i s  not much difference between the maximum percent polar i -  
zat ion i n  the  By G, o r  V i s u a l  curves f o r  Model No. 4; a l s o  
the differences are s m a l l  i n  regard t o  the negative minimum f o r  
B and G. The higher minimum value f o r  the I may possibly be 
the cause of the increase i n  the V minimum (see Fig. 17). 
For phase angles between 26 and 67 degrees, the contrived 
model i n  I l ies f a i r l y  close t o  the  standard I curve f o r  
Clavius, but it d i f f e r s  greatly above 6 7 O .  

The trend of higher maximum polar izat ion f o r  lower albedo 
i s  followed, with the  slight trend t o  higher albedos f o r  the 
60° viewing angle. This small difference i n  albedo i s  t h e  re- 
s u l t  of the  mode of sample preparation where the v e r t i c a l  surfaces 
pick up more co ra l  than the horizontal  surfaces,  r e su l t i ng  i n  a 
s l i & t l y  higher albedo a t  60° viewing angle. Referring t o  
Fig.  18, it can be seen tha t  usual albedo-polarization trend is  
observed, the higher albedo produces lower polar izat ion a t  
la rge  phase angles. 
the e f f e c t  of the  base material. 

This shows t h a t  the  cora l  i s  dominated by 

Contrived Model No. 5 -Volcanic A s h  No. 4 (chunks) topped 
w i t h  p a r t i c l e s  of i t s e l f  < 1p: 
19 (a) and (b) a t  Oo and - 6 5 O  i l lumination angles. It is  t o  

This sample is shown i n  Fig. 
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be remarked t h a t  a l l  photographs have been taken a t  the  same 
exposure i n  order t o  permit a relative appra isa l  of the photo- 
metric properties from the photograp'fis. 

The polarimetric curves shown i n  Fig.  20, and summarized 
i n  Table 1, reveal a trend following closely the  lunar  data  f o r  
C r i s i u m .  Contrary t o  t h e  curves involving cora l  ( e i t h e r  co ra l  
on a base material  [Model No. 41 o r  another material  on co ra l  
[Model No. 2 ] ) ,  the  Visual curve l i es  below the G curve, as 
expected, possibly being the  r e s u l t  of t h e  lower polar iza t ion  
contribution of the red end of the system response. The B 
and G curves following closely the  shape of the  standard 
d i f f e r  mainly i n  the magnitude of the maximum, B being a t  
13.9 percent and G a t  1 2 . 1  percent,  which i s  t o  be expected 
as the albedos are 0.13 and 0.15 respect ively.  The corrected 
inversion angles are low by about lo. The minimum percent 
po lar iza t ion  fo r  1 i s  grea te r  than C r i s i u m  by 0 .3  percent.  
(The B and G negative polar izat ions are s l i g h t l y  l o w ) .  

The albedos a t  0' and 60' do not show any c l e a r  trend 
resu l t ing  from sample preparation. 
degree albedo i s  higher because the < l l ~  powder has an albedo 
of 0.195 
of 0.14 (Ref. 1, p .  1 7 ,  Table 9 > ,  w i t h  the e f f e c t  previously 
noted t h a t  the horizontal  surfaces predominately viewed a t  0' 
would have the higher albedo. An exception occurs fo r  the  B 
albedo measurement where the  60' reading i s  higher,  possibly 
t h e  r e s u l t  of a surface color  of the underlying chunks of 
Volcanic Ash. 

Possibly the  Visual zero 

(Ref. 2 ,  p .  1 2  , Table 1) aGd the  chunks have an albedo 

The highest albedo (0.27) occurs a t  I ,  and t h i s  curve 
has the lowest maximum percent polar izat ion,  even lower than 
Crisium (albedo 0.206). It  i s  probable t h a t ,  as remarked before, 
t he  observations of I i n  Phase 111 a t  1.011. , compared t o  the 
lunar  standard observation a t  0 . 9 4 ~  , would produce a lower 
polar iza t ion  because of t he  higher albedos toward the  infrared 
(Ref. 10) .  

Overall, this sample i s  a f a i r  match t o  Mare C r i s i u m .  

There appears t o  be an e f f e c t  due t o  viewing angle (Fig. 2 1 ) ,  
the 60° curves being higher than the 0' curves. This i s  
most probably the e f f e c t  of the  higher maximum polar izat ion of 
the base material ( 1 7  percent; Ref. 1, p .  1 7 ,  Table 9) as 
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compared t o  the topping material (4.8 percent; Ref. 2 ,  p. 12 ,  
Table 1). 
viewing angle because the  powder would not adhere t o  the v e r t i c a l  
surfaces .  

The base material would be seen more at  the higher 

Contrived Model No.  6 - Volcanic Ash No. 1 (chunks) topped 
Photographs of t h i s  sample are 
This sample appears t o  be the 

w i t h  p a r t i c l e s  of itself < 1p: 
shown i n  Figures 22 (a) ana (b). 
best lunar  model, on the basis of these photographs alone, 
22 (b) bearing a close resemblance t o  the  photographs obtained 

Fig. 

by the Luna 9 vehicle (Ref. 4). 

Referring t o  Fig. 23, it is  seen that the  curves f o r  B, 
G and I are close matches of t h e  shapes obtained from lunar 
observations. It i s  rather s igni f icant  t h a t  the  I curve 
obtained i s  s l i g h t l y  higher than the lunar I curve i n  the 
region of negative polarization below the  inversion angle. 
though a good match i n  the  visual  region i s  obtained, t h i s  does 
not mean that a good match would be observed i n  the infrared.  
Since our observations are s l i g h t l y  redder than Gehrels e t  a l . ,  
the  observed effect could be indicat ive of what i s  t o  be expected 
when the  selected terrestrial samples are examined i n  longer 
wavelength inf ra red .  
back t o  Contrived Model No. 5; the  same diminished polar izat ion 
minimum is observed. 
subsequent sect ion on Conclusions. 

Even 

Additional evidence i s  obtained by r e fe r r ing  

This phenomena is  elaborated upon i n  the  

The general overa l l  curve trend i s  exce l len t ,  with the 
maximum percent polar izat ion f o r  the  B being above the G, 
and G being above the Visual. The I curve i s  the lowest, 
and the  trend is  borne out by the re la t ionship  between the respec- 
t i v e  albedos. The Visual curve l ies below the G curve since 
it has a higher albedo resu l t ing  from the higher albedo toward 
the  red.  The volcanic ash has a brownish appearance, indicat ing 
material with a higher reflectivity i n  the red.  

There i s  a s l i g h t  e f f e c t  of viewing angle (Fig. 24) a l s o -  
most probably the r e s u l t  of the higher maximum percent polar i -  
zat ion base material (20 percent; Ref. 1, p. 1 7 ,  Table 9) 
compared with the  topping powder (5.8 percent; Ref. 2 ,  p .  12,- 
Table 1). The e f f e c t  is small indicat ing a f a i r l y  good d i s t r i -  
bution of the  < 111 powder on the base mater ia l .  - 

Overall, t h i s  is  the  sample which gives the best  match t o  
the lunar  surface based on polarization-wavelength measurements, 
remembering the  infrared anomaly mentioned. 
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Contrived Model No. 7 -Furnace Slag No. 4 (2.83 t o  6.35 
mrn) topped w i t h  < 0 1 p of i tself :  This sample i s  shown i n  Figures 
25 (a) and (b).  

The polarimetric r e s u l t s  are depicted i n  Figure 26. 
model l i es  between Clavius and C r i s i u m  being r e l a t i v e l y  c loser  
t o  C r i s i u m .  It i s  unusual t h a t  the polar izat ion i n  G i s  
considerably larger  than i n  Visual l i g h t .  
good match, since the maxima fo r  B, G ,  I ,  and Visual occur 
a t  around 120' compared t o  about looo f o r  C r i s i u m .  There 
i s  a pecul iar i ty  i n  that the peak of the  Visual curve l i e s  very 
close t o  the I curve. A s  the  albedos are the same, within 
experimental e r ro r ,  fo r  B, G ,  and I ,  the substance appears 
gray 

The 

It i s  not  a very 

The minima are greater  than t h e  -1.2 percent required f o r  a 
match t o  C r i s i u m ,  and the I 
about 2 1 / 2 O .  

inversion angle i s  too high by 

The viewing angle dependence, shown i n  Fig.  27 ,  indicates  
t h a t  the  polar izat ion i s  higher f o r  a zero degree viewing angle,  
above a phase angle of about 43'. 
buted, as previously, t o  the viewhg of the base material a t  
the 
maximum polar izat ion (41 percent; R e f .  1, p. 1 7 ,  Table 9) than 
the topping powder (9  percent; Ref. 2 ,  p .  1 2 ,  Table 1) . 

This may possibly be a t t r i -  

609 viewing angle because as the  base material has a higher 

Effect  of Color on Maximum Percent Polarization 

In  Fig. 28, a comparison of maximum percent polar izat ion as 
a function of reciprocal  wavelength i n  (microns) -1 i s  presented, 
together with comparison curves from Gehrels e t  a l . ,  fo r  Crisium 
and Clavius. 
model should l i e  upon one of the lunar curves. Thus, Contrived 
Model No. 5 (Volcanic Ash No. 4 topped with < l p  pa r t i c l e s  of 
i t s e l f )  i s  seen t o  be a good f i t  with N o .  6 (volcanic Ash No. 1 
topped w i t h  < 1p particles of i t s e l f )  being the next best  f i t .  
Contrived ModEl No. 2 (Coral N o .  1 topped with Furnace Slag No. 
4 p a r t i c l e s  5 0.037 m) appears t o  be a good f i t  t o  Clavius, 
based on t h i s  c r i t e r i o n  alone. Contrived Models No. 1 (Slag 
topped w i t h  0.088 t o  0 .21 mm particles of Volcanic Ash No. l ) ,  
No. 4 (Volcanic Ash No. 4 topped with pa r t i c l e s  of Coral < 1p) 
and No. 7 (Furnace Slag No. 4 topped with pa r t i c l e s  of i t s e l f  < 1 ~ )  are poor f i t s  t o  the lunar  data .  

For a perfect  match, the curve for  the contrived 
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I ’  
u -  It must be remembered tha t  the maximum polar izat ion wave- 

length dependence is  only one of the criteria f o r  lunar comparison. 
What is involved here is the  r e l a t i v e  maximum polar izat ion,  and 
t h i s  i s  only one feature  of the e n t i r e  polar izat ion - phase 
angle curve. 

Ef fec t  of Color on Albedo 

The e f f e c t  of color on the  observed normal albedo i s  p lo t ted  
i n  Fig. 29. 
fair matches t o  C r i s i u m ,  as they were i n  terms of maximum polar i -  
z a t h n  mntimed in the previous sect ion.  
2 and 7 are poor matches, even though Model No. 2 w a s  a good 
match i n  terms of maximum polar izat ion.  
t ionable  match, having a higher curve slope than C r i s i u m .  
No. 4 is  p a r a l l e l  t o  C r i s i u m  and therefore  a good color f i t .  

It is seen tha t  Contrived Models Nos. 5 and 6 are 

Contrived Models No. 
- 

Model No. 1 is a ques- 
Model 

The physical property involved here i s  color of the sample. 
I f  the sample i s  reddish o r  brownish, it would have a higher 
albedo i n  the r ed ,  as does the lunar  surface.  

Effect of Color on Inversion Angle 

It is seen i n  Fig. 30 tha t  f o r  t he  s i x  samples a comparison 
of t h e  effect of color on t h e  inversion angle shows an increase 
i n  the  inversion angle as the  wavelength increases from G t o  
I ( l / h  decreasing from 1.85 t o  1 . 0 ~ - 1 ) .  N o  such trend can 
be discerned between B and G ( l / h  decreasing from 2.08 t o  
1 . 8 5 ~ - 1 ) .  Clavius shows an opposite trend between G and I 
w i t h  decreasing inversion angle with increasing wavelength. 
However, the inversion angle increases w i t h  increasing wavelength 
between U and G. For C r i s i u m  the  inversion angle remains 
f a i r l y  constant with increasing wavelength between G and I, 
while it increases between U and G .  

None of the contrived model curves from Phase I11 have the 
same inversion angle-color dependence as the lunar  standards. 
Therefore this c r i t e r i o n  cannot be used e f f ec t ive ly  t o  d i f f e r -  
e n t i a t e  between adequate simulated lunar  surface models. 

Essent ia l ly ,  the inversion angle appears t o  be an e f f e c t  
t i e d  up i n  the overa l l  d e t a i l s  of surface polar izat ion.  
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Relationship between Albedo and Maximum Percent Polar izat ion 

In Fig.  3 1  i s  plot ted a comparison of the maximum polar i -  
zat ion and normal albedo f o r  the s i x  samples together with the 
standard curves of Clavius and C r i s i u m .  It i s  seen t h a t  Con- 
t r i ved  Models N o .  2 and 7 ( the  Coral N o .  1 topped with Furnace 
Slag No. 4 and Furnace Slag No. 4 topped with i t s e l f )  are not 
appropriate matches t o  the lunar  surface.  Samples 1, 4 ,  5 and 
6 
while d i f fe r ing  s l i g h t l y  i n  t h e i r  zero points .  

have approximately the same slope as Clavius and C r i s i u m  

An empirical re la t ionship has been mentioned between polar i -  
zat ion and normal albedo by Clarke (Ref. l l ) ,  and the general  
trend of decreasing albedo with increasing maximum percent 
polar izat ion is  observed f o r  a l l  models which w e  consider t o  be 
good matches. 

R e l a t i o n s h i p  of Maximum Percent Polar izat ion and t h e  
Corresponding Phase  Angle 

Figure 32 depicts  the relat ionship between maximum percent 
polar izat ion and the corresponding phase angle f o r  the s i x  
Contrived Models and the  lunar  standards. Models No. 1, 2 ,  4 
and 7 as w e l l  as Clavius seem t o  show a decrease of the posi t ion 
of the  maximum polar izat ion as the  maximum value decreases. 
Models No, 5 and 6 seem t o  show the opposite e f f e c t  while C r i s i u m  
apparently shows no dependence. 

It  i s  not yet  c lear  i f  the phase angle of maximum polar i -  
zat ion i s  a basic parameter of the polar izat ion curve. 
some addi t ional  experiments could c l a r i f y  t h i s  e f f e c t .  

Possibly 

Incremental Color Changes of Percent Polar izat ion as a 
Function of Sample 

A rough evaluation of the amount of polar izat ion change f o r  
each sample as a function of color change yielded no s igni f icant  
r e s u l t s .  The increment i n  polar izat ion going from I t o  G 
depended upon the sample, as w e l l  as the increment going from 
G t o  B.  This sample dependence on incremental color changes 
should be extended t o  allow one t o  determine the charac te r i s t ics  
of a possible lunar  landing area using polar izat ion techniques. 
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Lunar Implications 

Thus far, the emphasis has been on the polarimetric prop- 
erties of the contrived models investigated. Although not 
required for the contract, photometric observations were made, 
under a G r u n ~ n a n  supported program, in order to augment the 
integrated multi-disciplined approach to the definition of the 
lunar surface. Tbese curves are presented in Figs. 33 through 
38.  A good photometric match is obtained from Contrived Model 
No 1, the Furnace Slag (from NASA) topped with 0.088 to 0.21 
m particles of Volcanic Ash No. 1 (see Fig. 33 [a] and [bl). 
A 
not only the low phase angle opposition effect, but to observe 
the effect of the sample at high phase angles. Because the 
normal albedo was lower as a result of the composite albedo 
effect, a zero degree viewing angle curve was run (Fig. 33 b). 
The match is good on one side, but not on the other because of 
non-uniformities in the sample. 

60° viewing angle photometric run was made in order to observe 

An equally good match was Contrived Model No. 6 (Fig. 37) 
which was the best polarimetric match. In descending order of 
match are Contrived Models 7 and 5 (Figs. 38 and 3 6 ) ,  but the 
deviations are small. 

The samples utilizing coral in any form (Contrived Models 
No. 4 and 2) were unsatisfactory photometrically (see Figs. 35 
and 34). As a check on Contrived Model No. 2, (Coral No. 1 
topped with Furnace Slag No. 4 particles), a zero degree photo- 
metric curve was run. It is seen that the zero degree viewing 
angle photometer produces a poor match (Fig. 34 b). The normal 
albedo for Contrived Model No. 2 was found to be lower because 
of the non-adherence of the slag to the vertical surfaces. This 
produced a darker sample when viewed in the normal direction 
relative to being viewed at 60°, thus constituting a composite 
albedo. 

It is of interest to consider the opposition effect, 
relative to the normalization at 40. A good opposition effect 
at 60° viewing angle is observed for Contrived Models No. 
6 ,  7 ,  5, 4, 2 in order of which is the same order of decreasing 
photometric match. 

1, 

The following criteria were used to evaluate the relative 
merits of the six contrived models: 
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(1) Percent Polarization Curves Integrated Visual 
Light 

( 2 )  Percent Polarization Curves, B, G, and I 
Light 

(3 )  Albedo-Color Relationship (Fig. 29) 

(4) Albedos at Zero and 60' Viewing Angles 

(5) Albedo-Maximum Percent Polarization (Fig. 31) 

(6) Maximum-Percent Polarization - Color 
Relationship (Fig. 28) 

(7) Photometry 

(8) Uniformity of Polarization - Zero and 60' 
Po larime t er 

Thus, using the lunar data of Gehrels et al., Models 5 and 
6 are the closest matches to Mare Crisium, with Model 6 being 
the overall best match. Model 1 is a fair match to Crisium. 
Models 2, 4, and 7 are poor matches with Model 2 coming closest 
to Clavius. 

It has been observed that the highest polarization occurs 
on all samples in the B (0.48~) where the albedo is the lowest; 
the increased albedo in the infrared I (1.0~) lowers the 
polarizhtion, similar to the lunar observations. The dependence 
of the location of the polarization maximum in relation to the 
maximum percent polarization cannot be determined from our data 
(see Fig. 3 2 ) .  The inversion angle tends to higher phase angles 
for decreased maximum polarization. No clear trend is seen for 
the negative minimum percent polarization (see Table 1). 
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CONCLUSIONS 

I n  essence, it has been shown i n  Phase I11 that a satis- 
fac tory  photometric and polarimetric model may be constructed 
by using a la rge  scale photometric model t h a t  produces the 
shadowing necessary f o r  good photometry (Ref. 3) with a powder 
that produces the  sca t t e r ing  and r e f r ac t ion  properties necessary 
f o r  good polar izat ion (Ref. 2 ) .  The r e s u l t s  obtained here are 
consis tent  with present knowledge of the  lunar surface (Refs. 
4 t o  7) .  

The r e s u l t s  obtained remain t o  be reconciled with thermal, 
mechanical and radar  observations of the  lunar surface. It 
appears possible thpt a t h i n  dust layer  of the order of 1 m 
t h i ck  ( y = (QC)’~ [Ref. 81 of the order of a few thousand) 
on top of the underlying material could explain some of the  
observed lunar thermal observations (Ref. 8 and J .  Reichman - 
pr iva te  communication) . 

The fundamental conclusion of Phase 111 i s  t h a t  t h e  polar i -  
zat ion propert ies  of the lunar surface can be produced by a suit- 
ab le  pa r t i cu la t e  coating of the underlying material. 
t i c u l a t e  coating could be t h e  r e s u l t  of t h e  de te r iora t ion  of t h e  
underlying material i n t o  a dust by micrometeorite bombardment, 
and the  resu l t ing  powder adhering t o  t h e  lunar surface possibly 
by high vacuum bonding. Thus t h e  surface propert ies  could y ie ld  
information on t h e  underlying matter and ul t imately give inform- 
ation as t o  the choice of good landing areas f o r  t h e  Apollo mission. 

T h i s  par- 
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RECOMMENDATIONS 

A s  a result of the work carried out in Phase 111, as well 
as that pursued previously, additional recommendations that 
would appear fruitful are: 

1. 

2. 

3 .  

4 .  

5. 

Additional investigations of material properties 
are required in order to define the engineering 
properties of materials that yield the proper 
lunar polarimetric and photometric signatures. 
Typical investigations might be differential 
thermal analysis and X-ray diffraction. 

Extension of infrared investigations to 1 to 3p 
and 8 to 1 4 ~  for simulated lunar samples in 
terms of the over-all integrated interdisciplinary 
approach (see Ref. 10 as an example). 

Investigation of luminescence as it affects albedo 
and polarization in an effort to elucidate the 
material composition of the. lunar surface. 

Investigation of incremental color changes as an 
index of lunar landing area characteristics. 

Investigation of the effect of simulated solar 
wind effects on the best contrived models. 
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1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 
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a) Normal Incident  I l h m i n a t i o n  

b) 65' Incident  I l luminat ion 

Fig. 10 Contrived Model No. 1: Furnace Slag (Sponge Like-NASA) Topped 
w i t h  0.088 t o  0.2lmm Particles of Volcanic Ash No. 1 
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a) Normal Incident Illumination 

b) 65' Incident Illumination 

Fig. 13 Contrived Model No. 2: Coral No. 1 Topped with Particles of 
Furnace Slag No. 4 5 0.037rmn 
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a) N o r m a l  Incident Illumination 

b) 65' Incident Illumination 

Fig. 16 Contrived Model No. 4 :  Volcanic Ash No. 4 (chunks) Topped with 
Particles of Coral 2 lp 
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a) N o r m a l  Incident  I l l umina t ion  

3) 65" Inc iden t  i l l umina t ion  

Fig. 19 Contrived Model No. 5:  Volcanic Ash No. 4 Topped w i t h  Particles 
of I t s e l f  2 4t. 
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b) 65O Inc iden t  I l l umina t ion  

F ig .  22 Contrived Model No.  6: Volcanic Ash No. 1 Topped with P a r t i c l e s  
of I tself  5 4-1 
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a )  h'ormal Inc ident  I l l umina t ion  

b) 65' Inc ident  I l l umina t ion  

Fig.  25 Contrived Model No. 7: Furnace Slag N o .  4 Topped with P a r t i c l e s  
of I t s e l f  5 4-1 
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Angle d Incidence and Pbase 

b) 0" Photometer-Visual L i g h t  

F i g ,  33 Photometry of Contrived Model No. 1: Furnace 
S l a g  (Spongelike-NASA) Topped with 0.088 to  
0.21 mm P a r t i c l e s  of Volcanic Ash N o .  1 
(Br ightness  (Arbitrary U n i t s )  versus Phase A n g l e )  
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versus Phase Angle) 
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Fig. 37 Photometry of Contrived Model No. 6: Volcanic 
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(Brightness (Arbitrary Units) versus Phase Angle) 
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Fig. 38 Photometry of Contrived Model No. 7: Furnace 
Slag No. 4 Topped w i t h  Pa r t i c l e s  of I tself  5 4-1 
(Brightness (Arbitrary Units) versus Phase Angle) 
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